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Abstract 
In2S3 is one of the potential candidates as window/buffer layer in the development of thin film solar photovoltaics. In the 
present investigation, In2S3 powder has been synthesized by simple solid state reaction method for different S/In ratios, 1.1, 1.3 
and 1.5. The chemical composition, structure, optical and electrical studies were carried out using appropriate techniques. The
synthesized material changed its crystal structure from cubic to tetragonal when the S/In ratio increased from 1.1 to 1.5.  The
crystallite size, morphology, optical band gap and electrical resistivity were found to be significantly affected by changing the 
concentration of the constituent elements.  
© 2009 Published by Elsevier B.V. 
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1. Introduction 
In recent years, semiconductor devices fabricated using nanocrystalline materials have received renewed 
interest. Among these materials the binary chalcogenides are important because of their potential use in the 
fabrication of optoelectronic devices using simple technologies. In addition, these chalcogenides with nano sized 
particles have enhanced their suitability in the development of photovoltaic solar cells [1], biological and biomedical 
sensors [2] and a new generation of optoelectronic devices [3] by exhibiting quantum size effect [4]. A large variety 
of nanocrystalline chalcogenide semiconductors have been investigated by several groups [5-7]. Indium sulfide 
(In2S3) is one such material that exhibited much significance due to its potential application in photovoltaic devices 
[8, 9], solid state batteries [10] and photo electrochemical cells [11]. In2S3 is a direct band gap semiconductor with 
an energy gap of 2.0 eV that exhibited a high optical transmittance and crystallizes in tetragonal structure. The 
physical properties of In2S3 nanostructures are strongly depending on the crystallite size, surface morphology and 
chemical stoichiometry that inturn depend on the synthesis conditions [12-14]. In this work, the solid-state reaction 
method was used to synthesize the bulk material with different compositions using the constituent elements that 
were subsequently used to deposit thin films for solar cell fabrication. The physical and chemical characteristics of 
the bulk samples are presented and discussed 
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2. Experimental
Bulk In2S3 material was prepared by simple solid state reaction process using elemental indium (In) and
sulfur (S) with different S/In ratios (1.1, 1.3 and 1.5). Appropriate quantities of 5N pure individual elements were
weighed and mixed thoroughly to ensure homogeneity. The mixed powder was taken into quartz ampoule of 8 mm 
in diameter and 10 cm in length and was sealed under a vacuum of 10-5 Torr.  The sealed ampoule was loaded into
the furnace and heated at a temperature of 900 oC for 24 hrs. The temperature of the ampoule was initially raised at
the rate of 25 oC/h upto 500 oC and then increased to 900 oC at a rate of 100 oC/h. The slow heating of the ampoule
at the initial stage is to avoid any possible explosion owing to the high vapour pressure of sulphur and also to make
it react completely with indium. Finally, the melt was allowed to cool slowly to room temperature in steps of 50 
oC/h. The accuracy of the temperature during annealing was about ±10 oC. The ampoule was kept under rotation
during heating in order to homogenize the molten mixture. The physical properties of the powder were measured
using appropriate techniques. The elemental composition was analyzed by using energy dispersive X-ray analysis 
(model FEL Sirion). The crystalline phase, structural analysis and surface morphology were studied by using Siefert 
X-ray diffractometer (model 3003 TT) where as the scanning electron microscope (Zeiss EVO 50) was employed to
determine the surface topology. The optical measurements were investigated using Hitachi U: 3400 UV-Vis-NIR
spectrophotometer. In order to measure the electrical properties, the samples were made in the form of pellets (10 
mm diameter and 1 mm in thickness) and the measurements were taken using standard four probe technique.
3. Results and discussions
The elemental composition of the bulk In2S3 samples was analyzed using the energy dispersive analysis of 
X-rays (EDAX). The ingots were examined for the composition at different places. Fig. 1 shows the EDAX spectra
of bulk In2S3 ingots synthesized at different S/In ratios of 1.1, 1.3 and 1.5. The EDAX analysis revealed mainly the
presence of In and S elements, within the detection limit of r 1.0 at. %. However, any impurities, if present in the
powders, are below the concentration of 1.0 at. %. It can be also observed from the figure that the intensity of ‘S’
peak in all the ingots is higher than ‘In’, indicating that the material maintained excess sulfur as planned earlier due
to uniform mixing of the elements during heating. The chemical compositions of S and In for the three synthesized
bulk samples were found to be 52.45 at. % and 47.55 at. %; 56.61 at. % and 43.39 at %; 60.44 at. % and 39.56 at.
%, which indicated the average S/In ratio of 1.1, 1.3 and 1.5, respectively.
S/In=1.1 S/In=1.3 S/In=1.5
Fig.1:  EDAX spectra of InxSy ingot.
The X-ray diffraction (XRD) patterns of the synthesized In2S3 powders are shown in Fig. 2. The diffraction patterns
showed that all the samples were polycrystalline in nature. It could be observed from the figure that the samples
prepared for S/In ratio of 1.1 exhibited several orientations such as (111), (211), (220), (511), (440) and
(533)corresponding to the cubic E-In2S3 with the (440) peak as the predominant orientation. The XRD peaks for all 
the samples are in good agreement with the JCPDS data (Cubic: 32-0456 and tetragonal: 25-0390). The samples
prepared with S/In ratio of 1.5 exhibited the (103), (116), (109), (206), (0012), (1015) and (413) reflections of the
tetragonal E-In2S3 phase with the (109) plane as the predominant orientation. However, the ingots synthesized with
an S/In ratio of 1.3 showed a mixture of both cubic and tetragonal phases. The spectrum showed the (109) peak as
the predominant orientation that corresponds to the tetragonal E-In2S3 phase along with some planes corresponding
to the cubic E-In2S3. The intensity of the tetragonal (109) plane is high when compared to the intensities of the peaks
that correspond to the cubic structure. In general, In2S3 crystallizes in cubic or tetragonal structure, and some times
with a mixture of both the phases [15]. Here, a noticeable structural transformation from cubic to tetragonal has been
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observed with the increase of S/In ratio. The grain size of the bulk material was calculated from the fringe width at
half maximum (FWHM) of the preferred orientation using Debye-Scherrer formula [16]. The evaluated average
grain size  of the powder samples are 61.2 nm, 45.3 nm and 83.1nm for different S/In ratios of 1.1, 1.3 and 1.5,
respectively. The distribution of crystallites with composition in InxSy ingots varied with the S/In ratio, indicating
that the ingot growth is affected by the change in the concentration of the constituent elements. The inset of the
XRD spectra in Fig.2 shows the corresponding SEM pictures indicating the surface morphology of the synthesized 
material. The morphology of the ingots with S/In ratio of 1.1 and 1.5 is nearly similar with an elongated crystallites 
Fig.2: X-ray diffraction spectra of InxSy ingots.
of smaller width that are densely packed, while the ingot with S/In ratio of 1.3 showed different morphology with 
isolated crystallites that are small in size. From the observations made in the present study using the X-ray
diffraction and SEM analysis, it can be assumed that the instability of equilibrium state of solid solutions in the
system prepared at such composition ratios introduce phase changes between cubic and tetragonal structures in order
to minimise the interfacial energy of the system as described by Zavrazhnov et al. [17].
Fig. 3 shows the optical absorption spectra of In2S3 material prepared at different S/In ratios, recorded in 
the wavelength range, 300 - 900 nm. The optical band gap of the synthesized powder was determined from the plots
of (DhȞ)1/m versus hȞ, where D is the absorption coefficient and m is the nature of the optical transition involved
between the parabolic bands in the material. For m = 1/2 indicates direct allowed transition; m = 3/2 reveals direct
forbidden transition, m = 2 shows indirect allowed transition and m = 3 infers indirect forbidden transition.  In this
study, the date followed m = 1/2. The absorption coefficient (D) of the samples were found to be ~ 104 cm-1. In the
present study, the nature of the electron transition is found to be direct and the energy band gap (Eg) is obtained by
extrapolating the linear portion of (DhQ)2 Vs hQ plot (Fig. 4) on to the energy axis. The evaluated energy band gap of
bulk material varied in the range, 1.98 -2.2 eV with the change of S/In ratios varied from 1.1 to 1.5.
  Fig.3: Absorption spectra of InxSy powders.   Fig.4. (DhQ)2 Vs hQ plots.
The electrical resistivity of the bulk samples was analyzed by using the four probe technique. The variation
of electrical resistivity with different S/In ratios is shown in Fig.5. The samples exhibited n-type electrical
conductivity with the resistivity of 5.16x103:cm, 1.02x104:cm and 5.56x102 :cm for the S/In ratios of 1.1, 1.3
and 1.5, respectively.
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Fig.5. Change of electrical resistivity of the ingots with S/In ratio.
4. Conclusions
Nanocrystalline InxSy material was synthesized with different S/In ratios of 1.1, 1.3 and 1.5. The chemical
compositions of S and In for the three synthesized bulk samples were found to be 52.45 at. % and 47.55 at. %; 56.61
at. % and 43.39 at %; 60.44 at. % and 39.56 at. %, which indicated the average S/In ratio of 1.1, 1.3 and 1.5,
respectively. The ingots prepared with a S/In ratio of 1.1 showed cubic structure, while the ingot with S/In = 1.5
exhibited tetragonal structure. The ingot prepared at S/In ratio of 1.3 exhibited the mixed phases of both the
structures. The optical energy band gap increased from 1.98 eV to 2.2 eV when the S/In ratio changed from 1.1 to
1.5. The samples exhibited n-type conductivity with the resistivity of 5.16x103:cm, 1.02x104:cm and 5.56x102
:cm for different S/In ratios. These ingots will be used to grow InxSy films for solar photovoltaic application as a
buffer / window layer in the fabrication of heterojunctions.
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